Abstract Genetic variation and co-variation among the key pulpwood selection traits for Eucalyptus globulus were estimated for a range of sites in Portugal, with the aim of improving genetic parameters used to predict breeding values and correlated response to selection. The trials comprised clonally replicated full-sib families (eight trials) and unrelated clones (17 trials), and exhibited varying levels of pedigree connectivity. The traits studied were stem diameter at breast height, Pilodyn penetration (an indirect measure of wood basic density) and near infrared reflectance predicted pulp yield. Univariate and multivariate linear mixed models were fitted within and across sites, and estimates of additive genetic, total genetic, environmental and phenotypic variances and covariances were obtained. All traits studied exhibited significant levels of additive genetic variation. The average estimated within-site narrowsense heritability was 0.19±0.03 for diameter and 0.29± 0.03 for Pilodyn penetration, and the pooled estimate for predicted pulp yield was 0.42±0.14. When they could be tested, dominance and epistatic effects were generally not statistically significant, although broad-sense heritability estimates were slightly higher than narrow-sense heritability estimates. Averaged across trials, positive additive (0.64± 0.08), total genetic (0.58 ±0.04), environmental (0.38±0.03) and phenotypic (0.43±0.02) correlation estimates were consistently obtained between diameter and Pilodyn penetration. This data argues for at least some form of pleiotropic relationship between these two traits and that selection for fast growth will adversely affect wood density in this population. Estimates of the across-site genetic correlations for diameter and Pilodyn penetration were high, indicating that the genotype by environment interaction is low across the range of sites tested. This result supports the use of single aggregated selection criteria for growth and wood density across planting environments in Portugal, as opposed to having to select for performance in different environments.
Introduction
Eucalyptus globulus Labill. is the main hardwood species grown in pulpwood plantations in temperate regions of the world (Eldridge et al. 1993; Potts et al. 2004) . Growth, wood basic density and pulp yield are the main traits used by breeders to select genotypes to maximise profit from E. globulus pulpwood plantations (Borralho et al. 1993; Greaves et al. 1997; Raymond and Apiolaza 2004) , although on some sites survival may also be important (Chambers and Borralho 1997) . This pulpwood breeding objective is closely aligned with an objective that maximises profit from combined pulpwood production and trading of sequestered carbon (Whittock et al. 2007) , and is logically expected to be highly correlated with objectives for bio-energy (Núñez-Regueira et al. 2002) . However, such genetic gain from multi-trait selection depends upon the level of additive genetic variability in each trait, the selection intensity and the genetic correlations among traits (Falconer and Mackay 1996) .
There has been abundant evidence for significant genetic variation in growth traits in E. globulus, although most estimates may have been biased by higher narrow-sense heritability estimates from open-pollinated populations (average b h 2 =0.2) compared to those derived from controlled crossings ( b h 2 =0.1; Lopez et al. 2002; Li et al. 2007 ). The overestimation from open-pollinated progeny trials is believed to be due to the susceptibility of growth to inbreeding depression (Hardner and Potts 1995) , which is expressed through variable inbreeding arising from selfing or bi-parental inbreeding under open-pollination (Hodge et al. 1996; Potts et al. 2004 ). E. globulus has a mixed mating system, with outcrossing rates varying between trees from 38% to 100% ). Such variation is believed to contribute to the poor correlation reported between breeding values estimated for growth from open-pollinated compared to control-pollinated progeny (Hodge et al. 1996; Volker 2002) .
Breeders estimate whole-tree wood density nondestructively using stem cores taken at breast height with a mechanical corer or by using Pilodyn penetration (Raymond et al. 1998; Muneri and Raymond 2000) . Pilodyn is an instrument that shoots a pin into the tree with a constant force, and its penetration is inversely related to the density of the wood. A high genetic correlation between this indirect assessment of wood density and core basic density has been reported (Dean et al. 1990; Greaves et al. 1996; Muneri and Raymond 2000) , and either measure can be used to select dense trees. Wood density does not appear to be affected by inbreeding depression (Hardner and Tibbits 1998) , and heritabilities and breeding values estimated from open-pollinated and control-pollinated progenies have been similar (Volker 2002; Li et al. 2007 ). Wood density traits are genetically variable in E. globulus and have a higher narrow-sense heritability than growth traits (Lopez et al. 2002; ).
The percentage yield of pulp obtained from dry wood (pulp yield) is expensive to measure on an individual whole-tree basis, and this has meant that, despite its importance, there are few estimates of genetic parameters published for this trait. The development of models to predict pulp yield from near-infrared spectra derived from cores is making sampling feasible at a scale sufficient to estimate genetic parameters (Schimleck et al. 2000; Raymond et al. 2001; Downes et al. 2007 ). Nevertheless, the pattern and level of genetic control for pulp yield in E. globulus remains unclear, as current estimates of genetic parameters for this trait are scarce.
Genetic correlations are equally important in estimating the correlated response to selection in breeding programs (Falconer and Mackay 1996) . Adverse genetic correlations can curtail breeding progress as, for example, a negative genetic correlation between growth and wood density would make it more difficult to select concurrently for improvement in both traits. Estimates of the genetic correlation between growth and wood density, even when measured from large progeny trials, have varied from zero to significantly adverse depending upon site (McDonald et al. 1997; Muneri and Raymond 2000; Lopez et al. 2002) . Reported estimates of genetic correlations involving pulp yield have been variable, ranging from 0 to 1 with basic density and from −0.16 to −0.54 with diameter (Dean et al. 1990; Raymond et al. 2001; Apiolaza et al. 2005) . However, most published estimates of additive genetic correlations amongst the key selection traits in E. globulus have been based on open-pollinated progeny trials. In these cases, the additive genetic correlation estimates involving growth may also be biased due to inbreeding depression affecting growth but not wood properties. Genetic correlations estimated from open-pollinated progenies may thus provide poor estimates of the correlated response to selection in advanced generations. Indeed, in the only direct comparison to date, the estimated genetic correlation between growth and wood density was zero in openpollinated progenies but negative in control-pollinated progenies involving the same E. globulus parents (Volker 2002) . Genetic correlations between growth and other traits are therefore better estimated in fully pedigreed genetic material, especially if directly relevant to the next generation of breeding.
The present study aims to estimate the genetic correlations between growth, wood density and pulp yield in E. globulus using clonally replicated full-sib families and unrelated clones established across a range of sites. They are part of the advanced generation RAIZ breeding program in Portugal. The results are important for assigning suitable genetic parameter values to multivariate analyses in ongoing E. globulus breeding programs and for estimating expected genetic responses from multivariate selection.
Materials and methods

Plant material and measurements
This study was based on measurements of growth and wood properties taken from clonally replicated E. globulus progeny derived from controlled full-sib crosses (denoted control-pollinated or CP) and/or unrelated clones (denoted UC). The parents used in the crossings and the unrelated clones were plus trees selected for overall good growth and form in commercial plantations in Portugal, and belong to what is commonly referred to as the Portuguese land race (Freeman et al. 2007 ).
The traits examined were breast-height diameter (DBH), a two-reading average of breast-height Pilodyn penetration under bark (PIL, using a 6-J Pilodyn wood tester with a 2.5-mm striker pin) as an indirect measure of wood density, and pulp yield (PY) predicted using near infrared spectroscopy (NIR; see Appendix 1 for details). The measurement ages (in years from planting) ranged from 4 to 11 for DBH, 4 to 10 for PIL, and 3 to 10 for PY. The samples for NIR determinations were from two increment cores (with 10 mm in diameter) taken at breast height in two orthogonal directions after removing the bark. The increment cores were subsequently processed for NIR analysis following the same sample preparation procedures as those described in Appendix 1.
The analyses of DBH and PIL were based on eight trials with controlled crosses (numbered 1 to 8) and 17 trials with unrelated clones (numbered 1 to 5 and 8 to 19). Six of the trials (i.e. trials 1 to 5, and 8) had both types of plant material. The CP material had a sparse diallel mating design, with the average number of crosses per parent ranging from three to four amongst trials. No reciprocals and selfs were present. The number of full-sib families varied between 37 and 67 across trials. There were some full-sib families represented by a single clone (i.e. genotype) due to problems related to rooting success of the progeny's cuttings and survival in the field. For the other full-sib families, the average number of clones per family varied between three and seven amongst trials. Appendix 2 shows the number of parents and clones within full-sib families in trials 1 to 8, as well as the connections amongst the trials for these genetic entries. For the UC material, Appendix 3 provides the number of clones in each trial, as well as the number of common clones across trials. There were only few individuals tested as both parents in the controlled crosses and clones in the UC material.
Unlike DBH, which was measured in all trees, and PIL, which was measured from an unselected proportion of the trees, PY was taken mostly from a selected subset of clones having better growth and wood density. Although care was taken to sample a few common controls within each trial, trees with poor growth and wood density were therefore poorly represented in the PY sampling. Besides trials 1 to 8, sampling for PY included an extra set of five CP trials. These five trials were genetically linked with the other CP material, but they were either too small or, as indicated by previous analyses of DBH and PIL, had no significant genetic variance for one or both of these traits. Consequently, these five trials were omitted from the set of CP trials used for the analyses of DBH and PIL. However, in order to have more PY observations for a pooled analysis (see below), all the information available for this trait was combined into a single data set. This combined PY data set also included DBH and PIL measures, and comprised 75 parents and 108 full-sib families. There were 247 clones within full-sib families and 576 ramets contained in these PY data, with most of the clones being sampled in at least two replicates in a given trial, although only around one quarter of them were present in more than one trial. Nevertheless, the majority of the sampled parents were represented across different trials. The average number of crosses per parent was three. For full-sib families with more than one clone (which represented the majority of the families), the average number of clones per family was three. The data for PY included 4-year-old DBH records from all trials except for a slower growing trial, where 6-year-old DBH measures were used. This was done to minimise variance heterogeneity in the analysis of the combined data.
Field tests
The field tests were established across a range of contrasting growing conditions in Portugal. Although climate and soil conditions varied, all trials were located in typical Mediterranean conditions, with annual precipitation below 1000 mm, falling mostly in the winter months and having an extended dry period in the summer of up to 3-4 months. Typical productivities (mean annual increments in standing volume over bark) across sites varied but are expected to be in the range 10-15 m 3 /ha per year at rotation end, which in Portugal is usually 12 years.
All trials used a randomized complete block design, except for trials 6 to 8, where a resolvable incomplete block design (i.e. alpha design viz. Williams and Matheson 1994) was used. The number of replicates and incomplete blocks ranged from four to 16 and 14 to 36, respectively, across trials. In the CP trials, each full-sib family was normally represented in each replicate and, in order to provide a more efficient environmental sampling, the clones within full-sib families were randomly allocated to single-tree noncontiguous plots within replicates. For both CP and UC material, each clone was represented in the different replicates (i.e. with one ramet per clone and per replicate) of a trial. Details about the production of planting stock are described in Costa e . Results from across-site combined analysis of single traits (i.e. DBH, PIL or height growth) have been reported elsewhere , using early measures from a subset of the CP trials studied here.
Data analysis
The (co)variance parameters were estimated within the framework of the general linear mixed model:
where y is the vector of trait observations, b and u are vectors of fixed and random effects (respectively), e is the vector of random residual terms, and X and Z are incidence matrices relating the observations to the model effects.
For each trait, the terms in b comprised fixed effects for the overall mean, trials and replicates within trials. In the analysis of PY, the vector b also included the age of measurement as a covariate. In the CP material, u had subvectors for additive genetic effects (pertaining to parent trees and cloned progeny), full-sib families, clones within full-sib families and (where applicable) incomplete blocks. In the UC material, u had sub-vectors for total genetic effects and (where applicable) incomplete blocks. The joint distribution of the random terms was assumed to be multivariate normal, with means and (co)variances:
where 0 is a null matrix, G and R are (co)variance matrices corresponding to u and e, respectively. Different model terms in u were assumed to be mutually independent, and thus G was defined as È j i¼1 G i , where G i is the (co)variance matrix for the ith random term (i=1…j) and ⊕ is the direct sum operation.
The (co)variance components were estimated by restricted maximum likelihood (REML, Patterson and Thompson 1971) , using the average information REML algorithm (Gilmour et al. 1995) implemented in the ASREML program (Gilmour et al. 2002) . The standard errors of the parameter estimates were calculated according to the general expression for the variance of a ratio, based on an approximation using Taylor series expansion (Lynch and Walsh 1998) . The following analyses were carried out.
Single-trait analysis
Single-trait analysis was performed for DBH and PIL for each trial, as well as for all traits in the combined PY data. In the analyses using CP material, G i was defined as As 2 a for additive genetic effects and as I n i s 2 i for the other random terms, where A is the numerator relationship matrix (Henderson 1984) , I n i is an identity matrix of dimension n i ×n i (n i = number of levels of the ith term), s Silva et al. , 2005 . In the UC data, however, the clones were unrelated, and thus G i ¼ I n g s 2 g , where s 2 g is the total genetic variance and I n g is an identity matrix of dimension n g ×n g (n g = number of genotypes). For both types of plant material, the residual effects were defined by R ¼ I N s 2 e , where I N is an identity matrix of dimension N×N (N = number of trees) and s 2 e is the environmental variance. In the analyses using the combined PY data, and due to the smaller number of records per trial, the incomplete block term in the model was ignored and a homogeneous variance across trials was assumed for the remaining random terms, hence b s
and b s 2 e become pooled estimates for each trait. As dominance relationships are present in full-sib families with at least two genotypes, the b s 2 f estimation excluded the information from families with only one genotype. This was achieved by adding to the data a factor with two levelslevel 1 coding for family sizes=1 and level 2 coding for family sizes ≥2-and using the ASREML model function at(factor, 2) to define a dummy variable that is 1 if the factor has level 2 for the observation.
For trials 1 to 8 in the CP data, all the interactions with replicates were ignored, as previous single-site analyses revealed that the interaction between full-sib families and replicates was never significant (P>0.05), and only in trial 2 was the interaction among parents and replicates significant at the 5% level for both traits. The linear model used in the analysis of the combined PY data was also simplified by omitting interactions between trials and additive or non-additive genetic effects (i.e. assuming no genotype by environment interaction). These interaction effects were also found to be non-significant (P>0.05) in preliminary analyses of all the traits in the combined PY data, which may partly reflect the lack of sufficient information for estimating their magnitude and detecting statistical significance.
Based on the variance component estimates mentioned above, approximations of dominance s were obtained as b s
(respectively), where s 2 P is the phenotypic variance, estimated as b s
A partition of additive and non-additive genetic parameters based on variance components estimated from an individual genotype (i.e. clone) statistical model, described as above for the CP data, has also been applied in the analysis of clonally replicated progeny tests of other forest tree species (e.g. Kumar 2006; Baltunis et al. 2008; Callister and Collins 2008; Weng et al. 2008) . From the UC material, trait estimates of broad-sense heritability b H 2 were obtained by 
Bivariate analysis of trait pairs
Bivariate analysis was performed for DBH and PIL for each trial, as well as for all trait pairs in the combined PY data. In the analyses using CP material, the (co)variance matrices G and R were defined as:
As a k;l As a k;l As
where k and l refer to two traits, σ k,l denotes the covariance between the two traits, I is an identity matrix of dimension dependent on the random term considered, and A, 0, s
e are defined as before. In this sense, G accounted for variance heterogeneity in the family and clones within full-sib families effects but assumed that the respective trait covariances (and associated correlations) were zero. Single-site analyses indicated that the variances for these terms were generally small and statistically non-significant (see "Results and discussion"), which suggested that it would not be meaningful to estimate the respective trait correlations. The G i matrices pertaining to these two random terms were not fitted in the bivariate analysis using the UC data; apart from this, the G and R (co)variance matrices were defined in the same way as for the CP material, with s 2 g and I n g replacing s 2 a and A, respectively. The G i matrix relating to incomplete block terms was fitted only where appropriate (i.e. trials 6, 7 and 8), and it was ignored in the analyses using the combined PY data. Additive or total genetic correlations, as well as environmental and phenotypic correlations, were estimated according to standard formulae (Falconer and Mackay 1996) . For the CP material, the equation used in the estimation of the phenotypic correlation ignored in its numerator the sums from trait covariances due to full-sib families and clones within full-sib families.
A bivariate multi-site analysis of DBH and PIL was also carried out by using simultaneously the information from all eight CP or 17 UC trials, in order to obtain common estimates of within-and across-site correlations between traits for genetic effects, as well as to assess the magnitude of genotype by environment (G × E) interaction by estimating a common genetic correlation between sites for a given trait. In the analysis of the CP material, the matrix G i for additive genetic terms was defined as:
where, for a given trait k or l and matrices of dimension 8×8, D k and D l are diagonal matrices of (heterogeneous) trial genetic standard deviations, and C k and C l are across-site genetic correlation matrices; for genetic relationships between the two traits, C k,l (= C′ l,k ) is a matrix with correlations within (on the diagonal) and across (on the off-diagonal) trials; ⊗ denotes the Kronecker product. A similar definition of G i was applied for the total genetic effects in the UC data, with the D and C matrices being now of dimension 17×17 and I n g replacing A. Four restrictions were imposed on these analyses, which entailed two constraints to equalise the elements within C k and C l , and two constraints within C k,l to equalise the respective diagonal and off-diagonal elements. The remaining fitted effects in u and residuals in e were assumed to be uncorrelated across trials, and thus
where @ @ i p and @ @ e p are (co)variance matrices for the ith random term and residual effects (respectively) in the pth trial (p=1 … q=8 or 17). In this sense, and due to the reasons mentioned above, all covariances involving sites and/or traits were ignored for full-sib families and clones within full-sib families. Moreover, to avoid estimation problems related to a non-positive definite G matrix in the multi-site analysis, the trial variances for these two terms were constrained to remain fixed at the estimates obtained under single-site analysis.
For the additive or total genetic effects, two-tailed LR tests were used to evaluate whether an estimated trait correlation deviated significantly from zero. This was done by using a parameterisation of G i based on a correlation form and constraining the correlation parameter to be zero under the null hypothesis to be tested. In the bivariate multi-site analysis of DBH and PIL, two-tailed LR tests were also applied to assess whether a common correlation between traits within trials was significantly different from that across trials, and one-tailed LR tests were carried out to evaluate whether a common across-site correlation for a given trait was significantly lower than one.
Results and discussion
Diameter
The trends in mean diameter over time across the several trials, and for both the CP and UC types of plant material, followed a common linear trend with age (not shown), suggesting relatively similar growing conditions across sites and ages. Estimates of variances and associated genetic parameters for DBH at each site are listed in Table 1 for the  CP material and in Table 2 for the UC material. Statistically significant (P≤0.05) additive (CP) or total genetic (UC) variation for DBH was detected in all trials (Tables 1 and 2 ).
DBH appears to be under moderate additive genetic control in this population. Within trials, b h 2 ranged between 0.11 and 0.35 (Table 1 (Volker 2002) or the racial classification of Dutkowski and Potts (1999) . The Portuguese land race selections of E. globulus that comprise the RAIZ breeding population analysed here are known to have diverse native origins (Freeman et al. 2007 ). While racial differentiation in growth traits is relatively low, it is statistically significant (Potts and Jordan 1994; McDonald et al. 1997; Potts et al. 2004) , and some confounding of background genetic group effects may explain the higher b h 2 observed in the present study. Other explanations include a lower non-additive genetic variance (see below). There are two independent lines of evidence to suggest that non-additive genetic effects for DBH are small in the current population. The first line is derived from the CP trials, where b D 2 and b I 2 ratios were close to zero for most of the trials (Table 1 ). The proportion of the total phenotypic variance attributable to non-additive genetic variance averaged only 0.05 ±0.03 (i.e. b D 2 ¼ 0:02 AE 0:01 and b I 2 ¼ 0:03 AE 0:03; n ¼ 8). The average of the ratio of non-additive to additive variance was 0.34± 0.20, and non-additive to total genetic variance was 0.17± 0.08. Low non-additive effects on DBH were also reported following analysis of a subset of the present trials (Costa e ). It is not clear from the data whether dominance or epistasis would be the most important source of the non-additive effects. Two trials had positive variances for epistasis and three trials had positive dominance variances, but only in one of them were the variances associated with these non-additive effects significantly different from zero (P≤0.05) and that was for b s 2 c in trial 1. Direct estimates of non-additive genetic effects are notoriously hard to calculate with accuracy (Chang et al. 1990 ), requiring large sample sizes and pedigree relationships that are rarely available for forest trees. Also, various spurious effects may be confounded with their estimation. As mentioned in "Materials and methods", the derivation of dominance and epistatic variances from the REML variance component estimates (i.e. b s 2 f and b s 2 c ) assumed that C effects among clones (which may be due to factors such as the age or the environment of the original ortet) were absent or negligible. However, when present, C effects among clones may inflate estimates of among-clone variances within full-sib families (Libby and Jund 1962; Burdon and Shelbourne 1974) , hence causing the estimates of epistatic variances to be upwardly biased. Pedigree errors in the data are another potential problem. Wrong family classification or contaminations in a controlled cross will cause upward bias in the estimates of dominance effects. Although all of these situations are possible, their importance in the current data is thought to be small given the non-significant and low values obtained in general for b s 2 f and b s 2 c . Indeed, the average b D 2 found here is lower than other studies of DBH in E. globulus where they have been estimated from seedling as opposed to clonal full-sib family trials. Using data from five trials aged 6 years, Volker (2002) reported an average b D 2 of 0.14; however, the expression of dominance was highly variable amongst individual trials (i.e. b D 2 ranging from 0.05 to 0.31), with b D 2 being significantly different from zero in two trials only. In a detailed study of one of these trials (Volker et al. 2008 ), E. globulus showed a low but relatively stable level of dominance variation over a similar age range as the present trials (i.e. b D 2 varying between 0.05 to 0.08 from ages 4 to 10 years). The ratio of dominance to additive variance reported for early age DBH in an Australian second-generation E. globulus breeding population by Li et al. (2007) greater than zero and markedly higher than our estimate (1 versus 0.34). Nevertheless, 95% of the families in their population were derived from crossing parents from different subraces, and dominance effects could not be separately estimated for intra-and inter-subrace crosses (Li et al. 2007 ). Thus, the significant dominance variation in the population of Li et al. (2007) could be the result of significant (Volker et al. 2008) , potentially differential (e.g. Vaillancourt et al. 1995) , heterotic effects arising from inter-subrace crossing. There is also the possibility of higher dominance effects within inter-subrace crosses as reported by Hodge et al. (1996) and Vaillancourt et al. (1995) for 2-year-old stem volume, although this effect was not detected for DBH (Volker et al. 2008 ). The second line of evidence for low non-additive genetic variation for DBH comes from comparing genetic parameter estimates obtained from CP (Table 1 ) and UC material (Table 2) . When both CP and UC material are in the same trial (i.e. trials 1 to 5 and 8), the average b h 2 (0.18±0.04, n= 6) is only slightly lower than the average b H 2 derived from the UC material in the same trial (0.25±0.04, n=6). A similar tendency is observed when considering the averages of b h 2 and b H 2 across all CP and UP trials (i.e. b h 2 ¼ 0:19 AE 0:03, n=8, versus b H 2 ¼ 0:24 AE 0:03, n=17), with the difference between the two parameters being equal to the average proportion of the total phenotypic variance attributable to non-additive genetic variance, as estimated from the CP material (i.e. 0.05±0.03, n=8). In trial 8, the b h 2 estimated from the CP material (0.35 ±0.10) actually exceeded the b H 2 estimated from the UC material (0.26± 0.11), but their calculated standard errors indicate that the difference is not statistically significant and could arise through there being few common links between the CP parents and the unrelated clones.
was significantly
Pilodyn
The trial means of the PIL measurements ranged between 7.8 and 14.1 mm across all the experiments analysed (Tables 3 and 4 ). This represented a considerable variation for PIL, but it was weakly related with trial age (i.e. correlations of −0.30 and −0.21 for the CP and UC material, respectively), consistent with the general trend that wood density tends to increase in older trees (Zobel and Sprague 1998; Raymond 2002) .
Statistically significant (P≤0.01) additive (CP) or total genetic (UC) variation for PIL was detected in all trials (Tables 3 and 4) . The b h 2 ranged between 0.13 and 0.40, and averaged 0.29±0.03 (n=8, Table 3 ). These estimates are in general lower than those reported for PIL in several studies of open-pollinated progeny trials of E. globulus (range= 0.28 to 0.41, McDonald et al. 1997; range=0 .43 to 0.52, Lopez et al. 2002) , but are comparable to those (range= 0.13 to 0.27) of Muneri and Raymond (2000) and estimates reported from other CP trials (see below). As noted elsewhere (Raymond 2002) , b h 2 values for PIL seem to be smaller than estimates for basic density in eucalypts.
Unlike DBH, all eight CP trials had non-zero variance components associated with one or the other non-additive genetic effect for PIL, although most of these estimates were not significantly (P>0.05) different from zero (Table 3 ). The resulting averages of the b D 2 (0.02±0.01, n=8) and b I 2 (0.06± 0.02, n=8) ratios tended to be low compared with the average of the b h 2 values. The average ratio of the nonadditive to additive genetic variance for PIL in the CP trials was 0.30±0.09, and to the total genetic variance was 0.21±0.05. The average b H 2 for PIL from the six trials on which UC and CP material co-occurs was identical for both CP (0.37±0.05) and UC (0.37±0.03) material, both of which were higher than the average b h 2 (0.29±0.04) from the same six trials. Nevertheless, when contrasting individual estimates obtained separately from CP and UC material tested in the same trial, the differences between b h 2 (Table 3) and b H 2 (Table 4) values were generally within the magnitude of the respective standard errors for all trials except trial 2. Similar to DBH, the difference between the averages of b h 2 and b H 2 for PIL across all CP and UC trials (i.e. b h 2 ¼ 0:29 AE 0:03, n=8, versus b H 2 ¼ 0:38 AE 0:03, n=17) approached the average proportion of the total phenotypic variance due to nonadditive genetic variance, as estimated from the CP material (i.e. 0.08± 0.02, n =8). Despite their lack of statistical significance in individual CP trials, non-additive genetic effects appear to be as important for PIL as for DBH in these trials in terms of their relative contribution to the total genetic variation (i.e. 0.21±0.05 versus 0.17± 0.08). Most of the non-additive variation for PIL appears to be attributable to b I 2 rather than b D 2 , which is very small. Apart from the related study of Costa e Silva et al. .29, one trial aged 6 years, Volker et al. 2008 ). Non-additive genetic effects are thought to be small for wood density in eucalypts-a result mainly supported by the absence of inbreeding depression (Hardner and Tibbits 1998) and, in E. globulus, a good correlation between open-pollinated and CP breeding value estimates (Volker 2002; Potts et al. 2004) , as well as a report of b D 2 for core basic density by Li et al. (2007) . In the later case, the estimated dominance to additive variance ratio was 0.32, comparable to our estimate, and not significantly different from zero.
Relationship between diameter and Pilodyn
The genetic, environmental, and phenotypic correlations between DBH and PIL are listed in Table 5 . The general trend indicated by the results is a consistently high and adverse correlation, ranging between 0.20 and 0.85 (mean= 0.64±0.08, n=8) for additive genetic effects (r a ), between 0.30 and 0.88 (mean=0.58±0.04, n=17) for total genetic effects (r g ), between −0.01 and 0.64 (mean=0.38±0.03, n= 25) for environmental effects (r e ), and between 0.06 and 0.63 (mean=0.43±0.02, n=25) for phenotypic effects (r p ). Statistically significant (P≤0.05) correlation coefficients Tree Genetics & Genomes (2009) 5:291-305 were detected for r a in all trials except trial 8, and for r g in 14 of the 17 estimates calculated. While r a close to zero (i.e. 0.02 and 0.05) were reported by Lopez et al.( 2002) , in most cases r a between DBH and PIL tend to be adverse (e.g. 1.24, Dean et al. 1990; range= 0.05 to 0.34, McDonald et al. 1997; range=0.04 to 0.85, Muneri and Raymond 2000; range=0.34 to 0.40, Volker 2002) , with the present data being one of the more extreme examples. Additive genetic correlations between DBH and basic density have generally been unfavorable as well, but the relationship tends to be weaker (e.g. −0.47, Dean et al. 1990; range=0 to −0.44, Muneri and Raymond 2000; −0.58, Apiolaza et al. 2005) . The marked and relatively consistent adverse relationship between DBH and PIL at the genetic, environmental and phenotypic levels in the present case argues for a possible adverse pleiotropic relationship between wood density and growth (a gene affects the two traits because they are intrinsically physiologically related). However, whilst the correlation between basic density and PIL has been reported as high (see "Introduction"), PIL penetration can also be affected by wood anatomy, ring width or within-ring density variation at a given tree age and sampling height. Tree differences in one or all of these factors may have an impact on the estimates of genetic variance for PIL, as well as on its covariances with other traits. Overall, this problem influences the efficiency of multivariate selection indices combining growth and PIL. Therefore, it remains to be clarified whether the magnitude and the tendency of the relationship found here between DBH and PIL can be confirmed for diameter growth and basic density measures obtained from independent CP family trials. This would provide a stronger support for a pleiotropic relationship between wood density and growth.
Pooled analysis for diameter, Pilodyn and pulp yield Given the sparseness of pulp yield measurements across the CP trials, an analysis using a combined PY data was attempted. The estimated genetic parameters for PY and the correlations of this trait with DBH and PIL are given in Table 6 . The pooled b h 2 and b H 2 for DBH (i.e. 0.26 and 0.35, respectively) and PIL (i.e. 0.37 and 0.41, respectively) were within the range of values reported previously for the single-trait analysis, in Tables 1 and 3 . Likewise, the correlations between DBH and PIL, estimated from the combined PY data, are also within the range of values shown in Table 5 .
The pooled b h 2 and b H 2 values for PY were 0.42 and 0.51, respectively (Table 6 ). Compared to assuming homoge- The P values refer to likelihood ratio tests, which were carried out to test the departure of r a or r g from zero.
NA not available. neous residual variances (as applied here), a previous analysis of PY that incorporated heterogeneous residual variances across trials (not shown) in the linear mixed model led to similar conclusions in regard to significance tests for additive and non-additive variances, as well as resulted in similar values for the pooled b h 2 and b H 2 (note that, in this case, an average of the residual variances estimated for individual trials was used to calculate the phenotypic variance of PY). There are few reported estimates of narrow-sense heritability of pulp yield in E. globulus, and they are all based on open-pollinated material (Dean et al. 1990; Raymond et al. 2001; Apiolaza et al. 2005) . The reported values vary between 0.33 and 0.58, and are close to the estimate found here, suggesting that PY is under a reasonably high level of genetic control. This is an important result since PY is the most important trait for integrated pulp production schemes.
Equally important, the genetic and phenotypic correlations between PYand DBH (r a =0.12±0.18 and r p =0.03±0.06), and between PY and PIL (r a =0.05±0.16 and r p =-0.03±0.06) were close to zero ( Table 6 ), indicating that PY is independent of the other major selection criteria. The r a between PY and DBH found here differs from those values reported in the literature, which were consistently adverse across the estimates available (r a =−0.54, Dean et al. 1990 ; r a =−0.16 and −0.43, Raymond et al. 2001 ; r a =−0.16, Apiolaza et al. 2005) . Nevertheless, when presented, estimated standard errors of these reported correlation parameters were high (i.e. varying from 0.24 to 0.48: Raymond et al. 2001; Apiolaza et al. 2005) , suggesting that they may not differ significantly from zero. Except for the small study of Dean et al. (1990) , where r a = −0.98, the neutral additive genetic correlation between PY and PIL obtained in the present study is near the estimates previously reported (r a =−0.09, 0.18 and 0.24, Raymond et al. 1999) . The additive genetic correlations between PY and basic density reported in the literature have been highly variable (r a =0.67, Dean et al. 1990 ; r a =0, 0.08 and 0.74, Raymond et al. 2001 ; r a =1.08, Apiolaza et al. 2005) , but the general trend is for the two traits to be positively associated. However, some of the high r a values reported between PY and either PIL or basic density were obtained with small sample sizes (e.g. 193 progeny representing 18 open-pollinated parent trees, Dean et al. 1990 ; 188 progeny representing 35 open-pollinated parent trees, Apiolaza et al. 2005) , which may have influenced the precision of the estimates.
Multi-site bivariate analysis of diameter and Pilodyn
The importance of G × E interaction was assessed for DBH and PIL through the magnitude of a common estimate of Table 7 .
For both CP and UC sources of plant material, the common estimates of the across-site genetic correlations obtained for DBH and PIL were high, although the LR tests indicated that they were differing significantly (P≤0.01) from one. The magnitudes of the estimates were particularly high for PIL, with values above 0.8. The additive genetic correlations (based on the CP families) were higher than the genotypic correlations (based on total genetic effects from the UC material), but the differences were not large.
As expected, the genetic correlations between DBH and PIL were somewhat lower when the two traits were measured in different as compared to the same trials, but the differences were small and only significant (P< 0.001) for the UC comparisons (which reflects a greater power of the LR test for the UC material due to a better sample size, e.g. more observations per genotype). The parameter values confirmed the strong unfavourable relationship between DBH and PIL, providing a pooled genetic correlation estimate of around 0.5 for both CP and UC material.
The results found give strong support to a relatively homogeneous genetic behaviour of E. globulus material across the range of environmental conditions in Portugal. Moderate to low levels of G × E interaction have been reported elsewhere for growth and wood density in E. globulus (e.g. Borralho et al. 1992; McDonald et al. 1997; Muneri and Raymond 2000; Costa e Silva et al. 2004 , 2006 . This result has important implications for selection strategies used in the RAIZ E. globulus breeding program, since it supports the use of single selection criteria for growth and wood density across normal planting environments in Portugal.
Conclusion
A range of genetic parameters for diameter, Pilodyn penetration and pulp yield in E. globulus was studied. The estimates were based on a set of full pedigree material, including cloned full-sib progeny and unrelated clones. This material was tested across a range of 19 sites, hence providing a complete picture of the pattern of inheritance for the three most important traits in breeding eucalyptus for pulp production. The estimates include the additive genetic variances and covariances, and nonadditive genetic terms such as dominance and epistasis.
Diameter, Pilodyn and pulp yield were all under moderate levels of genetic control. Genetic correlation estimates for the same trait measured across different trials were notably high, suggesting that, for the range of conditions experienced in these trials, genotype by environment interaction is expected to be of modest importance for diameter and Pilodyn, and should have a mild impact on selection.
The most striking result was the moderately strong unfavourable correlation between Pilodyn and diameter. Given the low genetic correlation usually reported between wood density and growth, the impact on efficiency of selecting for productivity and wood density when using Pilodyn becomes a concern. Whatever the causes for this result, it points to a strong adverse relationship between diameter and Pilodyn penetration at the genetic, environmental and phenotypic levels in E. globulus. Given the importance of Pilodyn as an indirect method to assess wood density, this issue deserves further investigation. On the other hand, the correlations between pulp yield and either diameter or Pilodyn were close to zero, suggesting that pulp yield is independent of the other major selection criteria. The genetic correlations refer to additive effects for the CP material and to total genetic effects for the UC data. r DBH and r PIL = common estimate of the across-site correlations for a given trait; r DBH, PIL = common estimate of the correlation between traits, both within (denoted 1) and across (denoted 2) sites. The approximate standard errors of the correlation estimates are given in parenthesis. The P values refer to likelihood ratio tests, which were carried out to test the departure of r DBH or r PIL from one. For likelihood ratio tests applied to test whether r DBH, PIL was different among 1 and 2, the significance probabilities were P>0.05 and P<0.001 for the CP and UC sources of plant material, respectively. and/or unrelated clones (UC), and using all the data available from the eight CP or seventeen UC trials
